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Introduction
There is substantial evidence indicating that ageing affects fluid cognitive abilities such as processing speed, working memory and episodic memory [1, 2] . With increasing life expectancy, identifying key factors that promote good cognitive health into older adulthood is of increasing importance. In this context, work is a significant factor because most people spend a large portion of their lives at work. The work environment involves a routine weekly schedule and provides individuals with an important source of social and intellectual stimulation, which can help maintain cognitive functioning not only during one's employment but also after retirement.
In this respect, numerous studies reported that engaging in stimulating occupations was associated with positive late-life outcomes such as better cognition [3, 4] and lower risk of dementia [5, 6] , which is in agreement with the cognitive reserve hypothesis [7] . In addition, a recent study using European survey data identified better cognitive function among employed versus retired individuals of the same age [8] , thus implying decreased cognitive efficiency post-retirement [9, 10] . Finally, there is evidence suggesting that retiring from complex work with people may lead to accelerated cognitive decline compared with retiring from less stimulating jobs [11] .
The departure from the workforce is an important life transition that means that individuals have to relinquish an environment in which they were greatly involved. This transition requires a change in role status and a need for replacement of social connections as well as a loss of exposure to various extents of cognitively engaging activities. Indeed, according to the 'activity theory', to age successfully [12] older adults should replace the lost roles and stimulation provided by the workplace by new ones [13] which will in return enhance life satisfaction and self-worth.
However, what remains largely unknown is the question of whether it is the intellectual or the social stimulation provided by work that is the most influential in terms of cognitive decline after retirement, and the respective impact of these components. Previously, using data from the Three City Study (3C), we found that the effect of deferred retirement on the risk of dementia cannot be explained by a greater number of working years, suggesting that retirement age may not be a proxy for cognitive reserve, but rather may be a factor of cognitive and psychosocial vulnerability [14] . In this new study, using data from the same 3C, we set out to evaluate the potential influence of the social and intellectual components of work on change in cognition after retirement. Based on previous literature [4, 11, 15] , we expected greater intellectual stimulation to be associated with better cognitive performance. Although no research to date has assessed occupation-based social interaction, we expected greater cognitive performance and steeper subsequent decline in those who had enjoyed greater social interaction at work.
Methods

Study design
The current study included a subset of the 3C participants, a prospective cohort of vascular risk factors for dementia initiated in 1999-2000. A detailed description of the methodology is given elsewhere [16] . In brief, the sample consists of 9,294 community dwellers, initially non-institutionalised, aged ≥65 years who were randomly selected from the electoral rolls in Bordeaux, Dijon and Montpellier. Subjects were evaluated at home by trained psychologists at the initial visit and at 2-year intervals for 12 years. Data collection included information on sociodemographic characteristics, self-reported complaints, medical history, depression and a comprehensive neuropsychological evaluation. The research procedures were reviewed and approved by the ethical committee of the University Hospital of Kremlin-Bicêtre (Paris, France). All participants provided written informed consent.
In this study, we considered the 2,104 subjects from the centre of Bordeaux and analysed cognitive change from baseline to 12 years follow-up. We excluded the following participants: 77 prevalent cases of dementia at baseline, 792 housewives or those with no occupation and 48 subjects with missing data regarding their occupation. Of the remaining 1,187 retired subjects, 21 subjects did not have at least one measurement for each of the neuropsychological tests during the follow-up and 118 subjects had missing values for the covariates. Thus, the final study sample included 1,048 subjects.
Measures
Neuropsychological assessment
Cognition was assessed using four neuropsychological tests: global cognitive function [the French version of the MiniMental State Examination (MMSE)] [17] , semantic verbal fluency and speed of verbal production (the sum score of four trials from the Isaacs Set Test) [18] , immediate visual memory (the multiple choice recognition form of the Benton Visual Retention Test) [19] and episodic memory (the sum of the three free recalls from the Free and Cued Selective Reminding Test) [20] .
Measurement of social and mental work stimulation
The main independent variables in this study were the level of social and mental work stimulation. During a face-to-face interview, participants were asked to describe their main occupation during their working years. Then, we created an online survey and asked three independent raters, two based in Belgium (a recruitment manager and a recruitment consultant) and one in France (an occupational physician), to indicate whether each occupation is: (i) intellectually stimulating or (ii) socially stimulating, by pointing the cursor to the desired point on a 10 cm scale (measured to the nearest millimetre). The following explanation was provided to the raters:
For mental work stimulation: 'A mentally stimulating occupation requires, for instance, creativity, autonomy, leadership (e.g. problem solving) and adaptability'. For social work stimulation: 'A socially stimulating occupation involves meeting and interacting (e.g. exchanging ideas) with a lot of people on a day-to-day basis. In other words, the time allocated to social interaction at work is high'.
To avoid duplication, identical occupations were grouped together in the online survey. For instance, high school maths or biology teachers were grouped as one occupation rather than different occupations since they require a similar amount of stimulation. The Cronbach's alphas were 0.87 for the intellectual stimulation and 0.81 for the social stimulation. Subsequently, we averaged the intellectual and social scores reported by the raters. In the analyses, the social and intellectual stimulation at work were both split into three groups: low (reference; lowest quartile), medium (interquartile range) and high (highest quartile) scores.
Covariates
Covariates included age at baseline, gender and education (defined as no diploma, primary diploma, secondary diploma or more). The presence of cardiovascular risk factors was taken into account as follows: diabetes (≥6.1 mmol/l or taking oral diabetic medications or insulin), hypercholesterolaemia (≥6.2 mmol/l), hypertension (systolic blood pressure ≥160 mmHg, diastolic blood pressure ≥95 mmHg) and personal history of stroke. The apolipoprotein E (ApoE) ε4 allele (genotyping of ApoE was performed at Lille Genopole) was also collected. Finally, the presence of depressive symptomatology (treatment with antidepressant medication or a score above the cut-off of 17 for men and 23 for women) was assessed using the French version of the Center for Epidemiological Studies Depression Scale (self-report questionnaire of 20 items) [21] .
Statistical analysis
We used mixed regression models with latent process for multivariate longitudinal data [22] to evaluate how social interaction and mental stimulation at work relate to postretirement cognitive decline. We combined the development of a latent cognitive factor with the analyses of cognitive change as a function of predictors within one model. All analyses were adjusted for age, gender, education, cardiovascular risk factors, ApoE genotype and depressive symptomatology, that are known to play a role in cognitive ageing. We initially observed that cognitive change was not linear across time (measured as years of age). Therefore, a quadratic assessment of time (age squared) was added and the results were controlled for covariate values as well as their interactions with age and age squared. Data were analysed using R version 3.3.1. and the R package 'lcmm'.
Results
Sample characteristics
The analytical sample included 497 (47.4%) women, 482 had a secondary diploma or more (46.0%), 164 (15.6%) had diabetes, 564 (53.8%) had hypercholesterolaemia, 677 (64.6%) had hypertension, 27 (2.6%) had a personal history of stroke, 76 (7.3%) were considered as having depressive symptomatology and 189 (18.0%) were carriers of at least one ε4 allele at baseline. At testing, the average age was 74.4 years (SD = 5.0) and the mean MMSE score was 27.5 (SD = 2.0). Differences in participants' characteristics according to the level of social and intellectual stimulation at work are shown in Table 1 .
Social and mental occupational stimulation as predictors of cognitive performance and change in later life
The main results are presented in Table 2 . Among the covariates, increased age was associated with greater cognitive decline (P < 0.0001). The estimates for cognitive change indicated only quadratic change, i.e. change characterised by early stability followed by accelerated cognitive decline with advancing age. Beyond this finding, only ApoE4 was associated with cognition, where the APoE ε4 allele carriers exhibited greater quadratic decline in cognition compared with non-carriers (P < 0.004). Gender, although often found to be related to cognitive outcomes, was not associated with baseline cognition (P < 0.13) or cognitive change (P < 0.83). At baseline, compared with a low-level, medium-and high-levels of mental stimulation at work were significantly associated with better cognitive performance (see Figure 1b , β = 0.573, P = 0.015; and β = 0.510, P = 0.090) but no significant associations were observed for the medium (P = 0.440) and high (P = 0.700) levels of social stimulation. As shown in Figure 1a , cognitive trajectories for medium and high levels of social stimulation were similar to that of a low level initially, but this trend diverged as participants grew older, when participants with medium and high levels of social stimulation at work were experiencing increasingly steeper cognitive decline with advancing age compared with those with a low level of social stimulation at work. No significant change in cognition was observed for the levels of mental stimulation at work (P = 0.480). For a graphic representation of a typical cognitive trajectory of an individual aged 65 years at baseline without any risk factors, see Figure 1a and b.
Discussion
Using data from the prospective 3C cohort, this study sought to assess the relationship between social and mental occupational stimulation and post-retirement cognitive change over 12 years of follow-up. Our results indicated that only increased levels of mental stimulation at work were associated with increased baseline cognitive ability during retirement. Cognitive change was moderated by social stimulation, whereby medium and high-social stimulation at work were associated with accelerated cognitive decline with advancing age compared with low social stimulation at work (see Figure 1a) . In contrast, longitudinal association with the levels of mental stimulation at work was nonsignificant. The results were adjusted for several confounding factors (i.e. ApoE, gender, education, depression and cardiovascular risk factors). ApoE was the only factor associated with cognitive decline, showing the importance of taking this factor into account in our analyses. There is growing evidence suggesting that retirement has a detrimental effect on cognition [9, 10, 23] . We build on these findings and present initial evidence for the possibility that, at least for some, this decline may be facilitated by the loss of social stimulation that the occupation provided. These results are in agreement with the results of Finkel et al. [11] which showed that retiring from jobs characterised by a high complexity of work with people was accompanied by accelerated decline in spatial ability and similar trends in verbal ability and speed of processing.
Social engagement in old age is known to modulate the risk of dementia and late-life cognition [24] [25] [26] plausibly as a function of social stimulation. Our study provides evidence for the notion that removing occupation-based social stimulation may have tangible consequences with respect to cognitive decline, albeit that these consequences do not seem to surface after more than a decade after retirement. In the present study, high-social stimulation indicates that individuals retired from a job that allowed them to interact and exchange ideas with other people on a daily basis. One could, therefore, argue that it may be a challenge to maintain a similar level of social stimulation during retirement as compared with working life. This is all the more valid because as people grow old they may experience greater mobility issues that restrict their social interaction. Thus, older adults retiring from an occupation characterised by high levels of social interaction may need to pay particular attention to finding resources that allow for a continued social engagement in order to maintain cognitive reserve. The notion that switching to non-work-related social activity may offset the declines in cognitive functioning as a function of removal of work-based social interaction should be tested in future research. Another explanation for such results could be that individuals who retired from a job with high-social stimulation may be more attached to their work than individuals with low social stimulation. Thus, the loss of social interaction and connection provided by the workplace may at first increase psychological distress and depression, which is known to have an impact on cognition [27] . However, no difference in terms of depression was observed between low-and high-levels of social stimulation in our sample.
Moreover, we provide additional evidence for the notion that intellectually stimulating work, independently of social stimulation, is associated with better cognition in older adulthood [4, 28, 29] , supporting the cognitive reserve hypothesis [7] . These results extend these previous studies and add new information about the influence of social and intellectual components of occupation on cognitive function and change during retirement. The transition from work to retirement is a major life event that takes away a great source of social and intellectual activities, both of which help individuals to maintain a good level of functioning. In this context, while initial cognitive differences were only observed for levels of mental stimulation at work (i.e. better cognitive performance for those with high stimulation), the level of intellectual stimulation at work did not influence the rate of cognitive change. This could be explained by the fact that engagement in cognitive-stimulating activities during retirement is more accessible and therefore easier to replace. In this respect, one recent study [30] showed that greater participation in cognitive and/or physical activities during retirement could offset the influence of work complexity on cognition. However, this study only looked at cognition once, i.e. in late life.
There were several strengths and limitations. This study has a sufficiently large population-based sample and includes a comprehensive battery of cognitive tests administered at home. A long-term follow-up and adjustment for multiple confounders are also strengths. One limitation is the lack of information about the participants prior to and after retirement (e.g. cognition, and social and intellectual leisure activities). Additionally, the level of social and mental stimulation was measured in the context of occupationbased rather than self-reported stimulation. For instance, in our sample, every school teacher would have the same social and mental score. One could, therefore, argue that a self-reported level of social and mental stimulation at work could be a more appropriate measure than that we used here. However, self-reported occupational stimulation may be influenced by individual characteristics (e.g. state mood or personality trait). In this respect, a recent study used two different measures of job strain (occupation-based measure of job strain and self-reported job demands and job control) and showed that the occupationbased measure of job strain was more associated with cognitive functioning [31] .
In conclusion, we found that workers retiring from occupations characterised by high levels of social stimulation are more prone to accelerated cognitive decline in late life. These diverging trajectories of cognitive change did not exist as a function of mental stimulation at work. Future studies should aim to examine the possibility that engaging in social leisure activities may reduce the rate of decline during retirement.
Key points
• We investigated the role of social and mental occupational characteristics in cognitive ageing using population-based data.
• Only increased levels of mental stimulation at work were associated with increased baseline cognitive ability during retirement.
• Higher levels of social stimulation during work years were related to accelerated cognitive decline with advancing age.
• It is necessary to understand how loss of exposure to the work environment due to retirement can be compensated by social stimulation.
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